Abstract An unusual heavy coastal rainfall event ([231 mm day -1 ) occurred during the period of 24-25 June 1987 over the lowland (elevation less than 200 m) and coastal areas in northwest and central Taiwan. The Weather Research and Forecasting (WRF) model is used to investigate the role of synoptic forcing, orographic effects and the diurnal heating cycle on the generation of a prefrontal localized low-level convergence zone offshore leading to the observed coastal rainfall maximum. This case is well simulated by the control experiment initialized at 0000 UTC (0800 LST) 24 June 1987 using the European Centre for Medium-Range Weather Forecasts data. A model sensitivity test without Taiwan's terrain fails to reproduce the observed coastal rainfall maximum. It is apparent that for this case, synoptic forcing by the Mei-Yu jet/front system is inadequate to initiate deep convection leading to the development of coastal heavy precipitation. The generation of the localized low-level convergence zone is closely related to the simulated strong winds with a large southwesterly wind component (or the barrier jet) along the northwestern coast as the surface front approaches. The development of the simulated barrier jet is due to a 50-60% increase in the meridional pressure gradient as a result of orographic blocking. The diurnal heating cycle also impacts the strength of the simulated barrier jet over the northwestern Taiwan coast. The simulated barrier jet is stronger (*3 m s -1 ) in the early morning than in the afternoon as orographic blocking is most significant when the surface air is the coldest. The representation of the terrain in the model impacts the simulated barrier jet and rainfall. With a coarse horizontal resolution (45 km), orographic blocking is less significant than the control run with a much weaker meridional wind component over the northwestern coast of Taiwan. The coarse resolution model fails to reproduce the observed rainband off the northwestern coast. Thus, to successfully simulate this type of event, high-resolution mesoscale models adequately depicting Taiwan's terrain are required.
Introduction
During the early summer rainy season (i.e. the Mei-Yu season from mid-May to mid-June) over Taiwan, the southwesterly monsoon flow prevails in the prefrontal atmosphere with high precipitable water and potential instability . During the Mei-Yu season, under favorable environmental conditions (Chen and Li 1995a) , heavy rainfall events are frequent (Yeh and Chen 1998; Li et al. 1997; Zhang et al. 2003; Chen et al. 2005, 2007a, b and others) resulting from the presence of Mei-Yu fronts, mesoscale convective systems, and localized rain showers (Chen 2000; Chen et al. 2007b) . The large-scale and mesoscale environments provide favorable settings for the development of these events, whereas orographic effects and local effects determine the timing and location of their occurrence (Chen 2000) .
Throughout the Mei-Yu season, heavy rainfall events occur frequently over southwestern Taiwan and the windward lower slopes of the Central Mountain Range (CMR) Chen et al. 2007a, b; Chen et al. 2010) . During 24-25 June 1987 of the Taiwan Area Mesoscale Experiment (TAMEX, Kuo and Chen 1990 ), a prefrontal coastal heavy rainfall event occurred in the early morning of 25 June over the lowland (elevation less than 200 m) and coastal areas in northwestern and central Taiwan (Fig. 1) , associated with the last Mei-Yu jet/front system of the season (Lin et al. 1992) . For this case, Li et al. (1997) stressed the importance of orographic effects on the development of the pre-frontal mesoscale convergence zone leading to the generation of the offshore rainband under favorable large-scale settings. They showed that this heavy rainfall event occurred in the pre-frontal atmosphere along the axis of maximum equivalent potential temperature at the 850-hPa level under the presence of upper-level divergence (their Fig. 5 ) and large-scale rising motion. In the lower troposphere, the 850-hPa short-wave trough associated with a deepening low over East China (their Fig. 3a ) moved over the Taiwan Strait before the arrival of the weak shallow (\1 km) Mei-Yu front, which was distorted and retarded by the Wu-Yi mountains along the southeastern China coast (their Fig. 3b) . A pre-frontal barrier jet (Li and Chen 1998) forms along the northwestern coast of Taiwan due to the interaction between the sub-synoptic southwesterly monsoon flow and the island obstacle. The localized low-level convergence zone between the westerly flow behind the 850-hPa short-wave trough and the barrier jet off the northwestern Taiwan coast determines the location for the development of this longlived rainband. The barrier jet is distinctly different from the synoptic low-level jet which is a result of geostrophic adjustment processes through cross-isobar ageostrophic wind component toward lower pressure as the Mei-Yu trough deepens (Chen et al. 1994) . A second, but less intense, convective period occurred during the passage of the shallow Mei-Yu front along the western coast of Taiwan a few hours later.
During the Mei-Yu season over Taiwan, the barrier jet is frequently observed along the northwestern coast of Taiwan in the prefrontal southwesterly flow (Li and Chen 1998) . Under a large Burger number
, where h is the mountain height, f is the Coriolis parameter, L is the mountain half-width, and N is the static stability, a mountain Froude number [Fr = U/(h9N)], where U is the wind component impinging on the mountain, can be used to characterize the appropriate hydrodynamic regime for scaling the length and magnitude of response for the region of blocked flow associated with a mountain ridge (Overland and Bond 1995) . For our case, with U*10 m s -1 , h*2 km, f *10 -4 s -1 , L *50 km, and N *10 -2 s -1 , the prefrontal southwesterly monsoon flow over Taiwan is characterized by B *4 and Fr *0.3-0.5 (Li and Chen 1998) . The initial disturbance will grow seaward to a limit given by the Rossby radius L R = U/f. The barrier jet has a maximum wind speed of 14 m s -1 at approximately 1 km above the surface (Li and Chen 1998) . Vertical wind shear is approximately 10 9 10 -3 s -1 below and 4 9 10 -3 s -1
above the 1-km height level. Through the observation and numerical simulation studies, Yeh and Chen (2002) found during TAMEX IOP #3 (May 22 1987) that rainfall is enhanced over the localized convergence zone between the relatively undeflected pre-frontal southwest monsoon flow and the barrier jet under favorable large-scale conditions. To study the development of the barrier jet as a result of orographicblocking by the pre-frontal southwesterly monsoon flow, Fig. 1 The observed daily rainfall accumulation on 25 June 1987. The rainfall amount is shown by the gray scale (mm). The 1,500-m terrain contour (solid line) is superimposed Yeh and Chen (2003) performed a theoretical study by initializing a mesoscale model with a single upstream sounding for the TAMEX IOP #3. The barrier jet is well simulated with a horizontal grid spacing of 7 km. They show that significant Lagrangian acceleration of the northern branch of the deflected airflow along the northwest coast is mainly caused by the pressure gradient force as the airflow moves down the orographically induced pressure ridge along the windward coast. The frictional retardation in low levels reduces the wind speed above the surface resulting in a vertical wind speed maximum at *800 m.
During the 1987 Taiwan Mei-Yu season, from the principal component analysis of winds and sea-level pressure, Chen and Li (1995b) showed that the orographic blocking is the strongest in the early morning. The strength of the barrier jet is most significant in the early morning as the Mei-Yu front approaches. Recently, Chen et al. (2007b) attributed the early morning maximum occurrence of heavy rainfall over the northwestern Taiwan coast to the strengthening of offshore convergence (Yeh and Chen 2002) caused by the barrier jet. Based on rain gauge and satellite data during 1997-2002, Kerns et al. (2010) observed an early morning high cloud maximum off the northwestern coast with a coastal rainfall maximum during the Mei-Yu season. However, the axis of high cloud frequencies off the northwest coast is not a regular day-to-day occurrence. Favorable large-scale settings are also required for the development of offshore convection in the early morning. Kerns et al. (2010) attributed the observed enhanced convection in the early morning over the northwest Taiwan coast to the mesoscale convergence between the barrier jet and the environmental flow as a Mei-Yu front approaches and when the land surface is the coldest.
To quantify the relative role of synoptic pressure gradients, orographic-induced pressure gradients and land surface cooling during the occurrence of strong coastal winds (e. g., barrier jet) leading to enhanced mesoscale convergence offshore as the Mei-Yu front approaches, a high-resolution mesoscale model with full model physics is used as a research tool to study this unusual coastal heavy rainfall event. To address the impact of orographic blocking in the morning on the strength of the barrier jet, the simulated airflow and precipitation from a real case experiment with Taiwan's topography (the control run, Table 1 ) is compared with those from another experiment without Taiwan topography. Another model sensitivity study is performed to address the impact of the diurnal heating cycle on the strength of the barrier jet. Because the representation of orographic effects in the model also depends on grid spacing, we also conduct a model sensitivity test with a different grid size.
2 A brief overview of the synoptic conditions and radar summary during 24-25 June 1987
Synoptic conditions favorable for the development of convection over the northern Taiwan Strait and northern Taiwan before the commencement of heavy rainfall at 1200 UTC (LST = UTC ? 8 h) 24 June 1987 were given by Li et al. (1997) . The IR image at 2000 LST 24 June (Fig. 2a) shows the presence of deep convective clouds north of Taiwan and over southeastern China corresponding to the position of the Mei-Yu front. Note that those clouds developed in the central part of the northern Taiwan Strait near 120°E. Three hours later (2300 LST), the MeiYu front along 25°N extended westward to southeastern China (Lin et al. 1992) . At this time, a northeast-southwest oriented cloud band was evident over the northern Taiwan Strait (Fig. 2b) . By 0120 LST 25 June, the northeastsouthwest oriented radar echoes over the ocean near the northwestern coast were detected by the National Center for Atmospheric Research (NCAR) CP-4 radar near Taichung in central Taiwan (Li et al. 1997) . The rainband continued moving southeastward into the coastal areas of northwestern Taiwan in the early morning of 25 June (Li et al. 1997) . By 0800 LST, the orientation of the rainband changed to an east-northeast-west-southwest direction from the western slope of the CMR to the adjacent ocean as the rainband moved southward (Lin et al. 1992) . From 0800 to 1100 LST, intense radar echoes were observed over the lowland and coastal areas in central Taiwan (not shown), corresponding to high rainfall rates as shown in Fig. 2 of Li et al. (1997) .
Model description and experimental design
In this study, the Weather Research and Forecasting (WRFv2) (Skamarock et al. 2005) model is used to assess the relative contributions of synoptic flow, orographic blocking and land surface forcing in the development of mesoscale convergence offshore as the Mei-Yu front approaches in the early morning. The model configuration consists of nested grids with horizontal grid spacing of 45 km (domain 1), 15 km (domain 2), 5 km (domain 3) and 1.67 km (domain 4) ( Fig. 3 ) and 33 levels from the surface (r = 1) to the 50-hPa level (r = 0). In domain 1 and domain 2, the precipitation processes include the subgrid-scale convective parameterization of the Grell-Devenyi ensemble scheme (Grell and Devenyi 2002) and the grid-resolvable WRF single-moment 6-class microphysics scheme (WSM6) (Hong and Lim 2006) , which involves prognostic equations for water vapor, cloud water, rainwater, cloud ice, snow, and graupel. In the 5-km and 1.67-km domains, the convective parameterization scheme is turned off. The Yonsei University PBL parameterization ) is used to represent planetary boundary layer processes. The land surface model has five soil layers (Dudhia 1996) . The longwave and shortwave radiation schemes employ the rapid radiative transfer model (RRTM) (Mlawer et al. 1997 ) and Dudhia scheme (Dudhia 1989) , respectively.
For the control run (CR , Table 1 ), the WRF model is initialized at 0000 UTC (0800 LST) 24 June 1987 using the global analysis from the European Centre for Medium- Range Weather Forecasts. In the CR run, a barrier jet associated with Taiwan's topography and the subsequent development of a rainband are reproduced. A run similar to the CR run, but without Taiwan's topography, is performed (NT, Table 1) to examine whether or not the rainband and heavy rainfall would be able to develop under favorable large-scale settings without orographic blocking. To test the hypothesis that the orographically induced pressure gradients in the early morning play an important role for the development of low-level strong coastal winds, the force balance in the meridional momentum equation is evaluated from the model output of the CR run and compared with that from the NT run. In addition, to study the impact of the diurnal heating cycle on the strength of the barrier jet, another model sensitivity test (CR12 , Table 1 ) is performed. The CR12 run is similar to the CR run but has the clock reset to 12 h early. In other words, the initial and lateral boundary conditions for 2000 LST 23 June and 0200 LST 24 June in the CR12 run are identical to 0800 LST and 1400 LST 24 June in the CR run. To evaluate the impact of he representation of orographic effects in the model with a different horizontal resolution on the strength of the barrier jet, a model sensitivity test (S45) is also performed (Table 1 ) with a 45-km grid spacing.
Simulation results

The control run
The temporal evolution of simulated winds, equivalent potential temperature (H e ), and relative humidity profiles within the central Taiwan Strait near 119°E, 23.5°N from the 5-km grid simulation is given in Fig. 4 . At 1200 UTC (2000 LST) 24 June 1987, the southwesterly monsoon flow is potentially unstable. In the evening of 24 June, the relative humidity and equivalent potential temperature increase in the lower troposphere under the southwesterly flow providing a favorable environment for triggering heavy rainfall (Fig. 4) . The horizontal distributions of 850-hPa geopotential height, winds, H e , and ascending motions over the Taiwan area from the results of the 5-km grid simulation valid at 2000 LST 24 June are shown in Fig. 5a . A short-wave trough/wind-shear line is simulated over the southeast China coast with a west-southwesterly (southwesterly) wind over the sameregion (the northern Taiwan Strait). This wind-shear line also appears at the 950-hPa level (Fig. 5b) . In Fig. 5b , over the northwestern coast of Taiwan, the southwesterly flow with wind speeds exceeding 15 m s -1 (barrier jet), extends about 100 km off the coast (also shown in Fig. 5a ) consistent with the estimated Rossby radius (Li and Chen 1998) . During this time period, the simulated surface front (determined by the change of the surface wind direction) is north of Taiwan with rainfall extending from the ocean to the southeastern China coast (Fig. 5a ), consistent with satellite imagery (Fig. 2a ). Ascending motions with high H e are simulated in the central part of the northern Taiwan Strait. Along the cross section AB (Fig. 5a) , it is apparent that the moist, high H e air near 120°E and 25°N is lifted by the ascending motions ( Fig. 6a ) with moist tongues (relative humidity [90%) extending well above the level of free convection (LFC) [near 2.2 km (*780 hPa)] (Lin et al. 1992) . Along the same cross section, the ascending motions associated with the Mei-Yu front are located further north near 121°E and 25.9°N (Figs. 5a and 6a) . Off the northwestern coast of Taiwan (Figs. 5a and 5b) , a barrier jet (Li and Chen 1998; Li et al. 1997 ) is simulated with splitting airflow over southwestern Taiwan. A northeast-southwest cross section passing through the northwest coast (Line CD in Fig. 5b ) indicates that the low-level wind component along Line CD increases from the southwestern Taiwan coast to the northwestern coast (Fig. 6b) with a wind speed maximum *16.5 m s -1 (or the barrier jet) near the 950-hPa level (*0.6 km above the surface) off the northwestern coast (*121.25°E), in good agreement with observations (Li and Chen 1998; Li et al. 1997) .
At 0200 LST 25 June, the wind-shear line and the westsouthwesterly flow behind it migrate eastward toward the northwestern coast (Fig. 7) . The convergence zone between the west-southwesterly wind and the barrier jet also moves eastward toward the northwestern Taiwan coast (Fig. 7) . In conjunction with the eastward movement of the convergence area, the simulated rainband moves onshore (Fig. 7) . In the mean time, the simulated Mei-Yu front arrives over the northern Taiwan Strait, in agreement with radar observations (Li et al. 1997, their Fig. 2) . At 0800 LST, most of the prefrontal convective activities move inland over central Taiwan (not shown).
The 1.67-km grid simulation for 25 June (Fig. 8a) shows that the simulated daily maximum rainfall is over the northwestern coast of Taiwan before the Mei-Yu front arrived. This is consistent with the observations (Fig. 1) , except the accumulated rainfall in the model overestimates rainfall amount over the mountainous area (*125 mm day -1 ) where rainfall stations are sparse (Fig. 8a) . The higher than observed simulated rainfall over mountainous areas is also found in Yeh and Chen's (2002) study of the TAMEX IOP 3 case using the MM5 model.
4.2
The mechanisms for the production of the barrier jet
As the maximum wind speed of the simulated barrier jet over the northwest coast of Taiwan (Fig. 6b) at 2000 LST 24 June in the control run is near the 950-hPa level (or r = 0.933), the discussion on the generation mechanism of the barrier jet will be at r = 0.933. The meridional ( Fig. 9a ) and u-wind components (Fig. 9b ) at 2000 LST 24 June from the CR run indicate that the southerly wind increases from the southwestern coast of Taiwan (~120°E and 23.5°N) to the northwestern coast (~121°E and 24.9°N). Therefore, the force balance of the meridional momentum equation (Skamarock et al. 2005 ) (Appendix) is studied from the model output. The Lagrangian acceleration of the meridional wind (including the local change and the advection terms) shown in Fig. 9a is closely related to the pressure gradient force term (Fig. 9c) . The pressure gradient force is contributed by the pressure associated with a hydrostatically balanced reference state and a perturbation pressure deviated from this reference state. To the south and west of the maximum meridional wind, significant positive Lagrangian acceleration and a large positive pressure gradient force exist. To the north of the maximum meridional wind, significant Lagrangian deceleration and a negative pressure gradient force occur. Furthermore, the decrease of the perturbation pressure from the coastal area of southwestern Taiwan to the northwestern coast of Taiwan at the 950-hPa level is about 1.8 hPa (Fig. 9c) . The perturbation pressure contours tighten over the northwestern coast (near 24.6°N and between 120.6°E and 120.8°E) (Fig. 9c) west of the maximum meridional wind, resulting in a significant increase of Lagrangian acceleration over the northwestern coast (Fig. 9a) . The Coriolis force decelerates the meridional wind over western and northwestern Taiwan (Fig. 9d) . The mixing term (Fig. 9e , including the subgridscale eddy fluxes, numerical smoothing, and truncation errors in the model), calculated as the residual from the meridional momentum equation, is very small, about three orders of magnitude smaller than the pressure gradient force. Thus, the pressure gradient force is the most ), equivalent potential temperature (solid lines, 5 K contour interval) and relative humidity (red and green lines represent 85 and 90%, respectively) for the vertical cross section along Line AB (Fig. 5a) important factor for the occurrence of the barrier jet over northwestern Taiwan. In order to estimate the relative contribution of the orographically induced pressure gradient force by Taiwan's topography and the synoptic-scale pressure gradient force, a sensitivity test without Taiwan's topography (the NT run, Table 1 ) is performed. The difference in the perturbation pressure between the southwestern and the northwestern coast in the CR run (Fig. 9c) is reduced to about 0.8 hPa in the NT run (Fig. 10a) . Therefore, for IOP 13, an additional 50-60% (1 hPa out of 1.8 hPa) of the meridional pressure gradient is orographically induced. The sensitivity test demonstrates that, as suggested by Li and Chen (1998) , the orographically induced meridional perturbation pressure gradient plays an important role in the acceleration of the southerly wind component leading to the generation of the barrier jet off the northwestern coast of Taiwan.
The impact of Taiwan topography on localized heavy rainfall
To test our hypothesis that for this case, without significant orographic blocking in the early morning, the low-level convergence associated with the synoptic flow may not be adequate to initiate the rainband offshore leading to the coastal precipitation over northwestern Taiwan, the simulated low-level airflow and rainfall distribution from the CR and NT runs are compared. In the 5-km grid simulation of the NT run, valid at 2000 LST 24 June, the simulated short-wave trough at the 850-hPa level (Fig. 11a) is over the northern Taiwan Strait as compared with over the southeastern coast of China in the control run (CR, Fig. 5a ). A westerly flow is simulated over the northern Taiwan Strait and northern Taiwan without a strong southwesterly flow along the northwestern coast (or the barrier jet) as compared with the CR run (Fig. 5a ). Similar to the CR run, the simulated Mei-Yu front is to the north of Taiwan with rainfall extending from the ocean to the southeastern China coast. Along the cross section CD (Fig. 5b) , no strong southwesterly flow appears over the northwestern Taiwan coast (*120°E to *121°E) (Fig. 6c) , in contrast to the simulated barrier jet in the CR run (Fig. 6b) . At 0200 LST 25 June, the simulated Mei-Yu front (Fig. 11b) , moving faster than the one found in the control run (Fig. 7) , reaches northern Taiwan. The NE-SW oriented prefrontal rainband and the barrier jet at the 950-hPa level in the CR run are not simulated in the NT run. Instead, most simulated rainfall over the coastal area is oriented in an east-west direction along the Mei-Yu front in the NT run.
The simulated rainfall accumulation during 0000-2000 LST 25 June from the 1.67-km grid simulation in the NT run (Fig. 8b) is mainly over northern and central Taiwan and the Taiwan Strait. The observed northeast-southwest oriented rainfall axis is simulated in Fig. 8 as compared with the CR run (Fig. 8a) . In the CR run, more than 150 mm of rainfall accumulation is simulated over the central Taiwan coast (24.6°N) (Fig. 8a) . It is apparent that the synoptic-scale forcing by the Mei-Yu front/jet system alone is inadequate to initiate the offshore rainband within the Taiwan Strait and the subsequent occurrence of the coastal heavy rainfall event.
4.4 Impact of the diurnal heating cycle on the strength of the barrier jet
The CR12 run is designed to investigate the impact of the diurnal heating cycle on orographic blocking and the strength of the barrier jet (Table 1) . The winds at 1400 LST in the CR run (Fig. 12a) indicate the presence of onshore flow over the southwestern coast, in response to solar heating under prevailing southwesterly monsoon flow. Furthermore, along the east-west cross section L1 passing through southwestern Taiwan (Fig. 12a) , a well-mixed layer develops over land in the afternoon hours (Fig. 13a) . In contrast, at 0200 LST from the CR12 run, with nocturnal cooling, the low-level air over southwestern Taiwan is stably stratified (Fig. 13b) . Note that the CR run at 1400 LST and the CR12 run at 0200 LST are driven by the same initial conditions and lateral forcing after 6 h of model integration.
At the surface, the flow over southwesterly Taiwan has an upslope-wind component at 1400 LST (Fig. 12a) as compared with the downslope-wind component at the foothills of southern Taiwan at 0200 LST in the CR12 run ( Fig. 12c) . Upstream flow splitting off the southwestern coast at 1400 LST in the CR run (Fig. 12a) is less significant as compared with 0200 LST in the CR12 run (Fig. 12c) , with a lower minimum surface pressure associated with the mesolow off the southeastern Taiwan coast (998 hPa vs. 1,000 hPa). It is apparent that, with the simulated differences in stability over land related to the diurnal heating cycle, orographic blocking is more significant at night than during the day in the model in agreement with the analysis of surface wind and pressure patterns presented by Chen and Li (1995b) . The meridional winds over western and northwestern coasts along the cross section CD in Fig. 5b indicate that flow acceleration downstream along the coast is more significant at 0200 LST in the CR12 run increasing from 5 to 17 m s -1 (Fig. 14a ) as compared with 6 to 14 m s -1 at 1400 LST in the CR run (Fig. 14b) , leading to enhanced low-level convergence off the northwestern Taiwan coast (Fig. 12a, c) . The meridional perturbation pressure difference near the coastal area between 23.5 and 25°N at 1400 LST in the CR run (Fig. 12b) is about 1 hPa weaker than that at 0200 LST in the CR12 run (Fig. 12d) . It is evident that the simulated barrier jet at 0200 LST in the CR12 run is stronger than at 1400 LST in the CR run due to the simulated differences in stability over land in response to the diurnal heating cycle.
4.5 The impact of model grid spacing on the strength of the barrier jet
The strength of the barrier jet in the S45 run (Fig. 6d) is slightly weaker than in the CR run (Fig. 6b) . The average mountain height in the S45 run is around 1 km, which is about 2 km lower than in the CR run. Thus, the upstream Fr increases from 0.3-0.5 to 0.6-1 in the S45 run. As a result, the orographic blocking in the S45 run is not as significant as in the CR run. The simulated meridional acceleration along the coast due to the pressure gradient force is less significant in the S45 run (Fig. 10c ) than in the CR run (Fig. 9c ). The differences in the perturbation pressure between the southwestern coast (~120°E and 23.5°N) and the northwestern coast (*121°E and 24.9°N) in the S45 run is about 1.2 hPa (Fig. 10c) , which is about 0.6 hPa less than in the CR run (Fig. 9c) . As a result, the speed of the meridional wind over the northwestern coast of Taiwan in the S45 run (Fig. 10b) is weaker than in the CR run (Fig. 9a) . With less significant orographic blocking, the (Fig. 10b ) than in the CR run (Fig. 9b) . With a stronger zonal-wind component and a weaker meridional-wind component as compared with those in the CR run, the total wind speed of the barrier jet in the S45 run (Fig. 6d) is only slightly less than in the CR run (Fig. 6b) . Although the simulated rainfall accumulation from the S45 run on 25 June over northern Taiwan is over 100 mm (Fig. 8c) , it fails to reproduce the observed rainband off the northwestern coast of Taiwan (Fig. 1) . In addition, the simulated coastal rainfall accumulation in the S45 run is only *75 mm, significantly less than in the CR run.
Conclusion
The WRF model is employed to study an unusual heavy coastal rainfall event over northwestern and central Taiwan. It occurred during 24-25 June 1987. The model is used to investigate the role of synoptic forcing, orographic effects, and the diurnal heating cycle on the generation of a prefrontal localized low-level convergence zone offshore leading to the observed coastal rainfall maximum.
This case is well simulated by the control experiment initialized at 0000 UTC (0800 LST) 24 June 1987 using the European Centre for Medium-Range Weather Forecasts data. A model sensitivity test without Taiwan terrain fails to reproduce the observed coastal rainfall maximum. The generation of the localized low-level convergence is closely related to the simulated strong winds with a large southwesterly wind component (or the barrier jet) along the northwestern coast as the surface front approaches. The simulated barrier jet is mainly produced by the additional 50-60% orographically induced meridional perturbation pressure gradient due to Taiwan's topography superimposed on the synoptic-scale pressure gradient force.
In the experiment without Taiwan's topography, neither the barrier jet nor the offshore rainband is simulated off the Fig. 13 a Simulated potential temperature for the vertical cross section along L1 (Fig. 12a ) from the CR run for 1400 LST 24 June. The contour interval is 1 K. The smooth terrain is given at the bottom of the figure. The approximate location of the coastal line is shown by an arrow. b Same as a but along L2 in Fig. 12c for 0200 LST 24 June from the CR12 run northwestern coast of Taiwan. Furthermore, the simulated rainfall is orientated in an east-west direction mainly associated with the passage of the Mei-Yu front. Over the coastal area from northwestern to central Taiwan, the simulated rainfall amount is lower than in the control run. It is apparent that for this case, synoptic forcing by the Mei-Yu jet/front system is inadequate to initiate deep convection leading to the development of coastal heavy precipitation.
The diurnal heating cycle also impacts the strength of the simulated barrier jet over the northwestern Taiwan coast. The simulated barrier jet is stronger (*3 m s -1 ) in the early morning than in the afternoon as orographic blocking is most significant when the surface air is the coldest.
The representation of the terrain in the model also impacts the simulated barrier jet and coastal rainfall. With a coarse horizontal resolution (45 km), the model terrain is smoother and lower (*2 km) than in the control run, resulting in weaker orographic blocking. Accordingly, the strength of the simulated barrier jet is reduced in a lower resolution model compared with the control run with a weaker meridional wind component and a stronger zonal wind component. The simulated rainfall in the coarse resolution fails to produce the observed offshore rainband off the northwestern Taiwan coast. Thus, to successfully simulate this type of event, high-resolution mesoscale models adequately depicting Taiwan's terrain are required. A variable with a prime denotes the perturbation from a hydrostatically balanced reference state, which is a function of height only and denoted by an overbar.
F v denotes the Coriolis term and F M denotes the mixing term.
